It is shown that Ag/Al 2 O 3 is a unique catalytic system for H 2 -assisted selective catalytic reduction of NO x by NH 3 (NH 3 -SCR) with both Ag and alumina being necessary components of the catalyst. The ability of Ag/Al 2 O 3 and pure Al 2 O 3 to catalyse SCR of mixtures of NO and NO 2 by ammonia is demonstrated, the surface species occurring discussed, and a "Fast SCR"-like mechanism of the process is proposed. The possibility of catalyst surface blocking by adsorbed NO x and the *Revised Manuscript Click here to view linked References 2 influence of hydrogen on desorption of NO x were evaluated by FTIR and DFT calculations.
Introduction
Nitrogen oxides (NO x ) are the most challenging pollutant to address for light-duty diesel vehicles and sophisticated techniques like advanced fuel injection, exhaust gas recirculation (EGR), turbocharging etc., are used by engine manufactures to reduce emissions. But, NO x removal by exhaust aftertreatment is still required due to stricter emmision regulations and the trade off between fuel consumption and NO x emmision, i.e., the price for reducing fuel consumption and CO 2 emission by ~ 15% equals to ~ 50% increase in NO x emissions [1] .
Selective catalytic reduction (SCR) is the leading NO x control technique with ammonia as a reductant. Commonly used catalysts are vanadia-based catalysts, Cu and Fe-containing zeolites. However, none of the systems demonstrates high thermal durability together with a good activity throughout a broad temperature region from 150 to 550 °C [1] . This fact explains the reason for the on-going research of novel catalytic systems for NH 3 -SCR, which are supposed to be non-toxic, inexpensive and durable.
Alumina supported metals, such as Ag, In, Sn etc. [2, 3, 4, 5] are known to catalyse NO x SCR by hydrocarbons under the conditions of lean-burn engine exhaust. The major drawback of these catalytic systems is their very poor activity at low temperatures. It has been found that addition of hydrogen to the gas feed can substantially improve the low-temperature activity of Ag/Al 2 O 3 [6, 7, 8] . Interestingly, several groups have also demonstrated the possibility of Ag/Al 2 O 3 to facilitate SCR of NO x by ammonia or urea with co-feeding hydrogen, resulting in nearly 90% NO x conversion at temperatures as low as 200 °C [9, 10] .
Hydrogen for this reaction can be provided on board of the vehicule by two means depending on the used reductant. The required amount of hydrogen can be produced in an on-board fuel reformer without the necessity to change the existing fuel infrastructure. This is convenient for hydrocarbon SCR systems utilizing Ag/Al 2 O 3 catalysts and currently leads to fuel penalties from 5 to 10% [11, 12] which might be improved by the optimization of the system. For the NH 3 SCR applications hydrogen can be produced by cracking of part of the ammonia. Pure NH 3 required for this purpose can be stored on board in form of solid metal ammine salts [13] . The suggested system allows accurate and independent dosing of ammonia to the SCR catalyst and to the cracker where it can be decomposed to form the required hydrogen. Using ammonia for hydrogen storage has earlier been suggested for fuel cell applications but can also be applied for NO x SCR applications [14, 15] .
There is no general agreement about the necessary concentration of hydrogen for the effective reduction of NO x by ammonia over Ag/Al 2 O 3 . One can find H 2 :NO x ratios varying from 5 to 10 in the literature [9, 10, [16] [17] [18] which is a rather high value.
However Shimizu and Satsuma have demonstrated ever increasing NO x reduction rate in the interval of H 2 :NO x ratios from 0 to 50 [17] which makes the choice of H 2 concentration a matter of finding the optimum between the amount of ammonia spent on hydrogen production and the SCR efficiency. We are considering a H 2 :NO x ratio 2.4 as an optimum in this work.
Hydrogen has also been considered as the only reductant in H 2 -SCR of NO x , however currently available catalysts allow effective removal of NO x only when using 4 H 2 :NO x > 10 and such amount of hydrogen cannot be produced on board at an affordable price [19] [20] [21] .
In this work we studied several catalysts: Ag supported on different carriers (γ-Al 2 O 3 , TiO 2 and ZrO 2 ), Sn and In supported on γ-Al 2 O 3 and pure alumina under the conditions of H 2 -assisted SCR of NO x with NH 3 . The aim of this study is to investigate the possibility of replacing traditional NO x SCR catalysts by Ag/Al 2 O 3 thus obtaining high catalyst activity even at low temperatures. Another goal of the study is to give insight to the mechanistic aspects of H 2 -assisted NO x SCR by ammonia. 
Experimental

Catalyst preparation
TEM measurements
TEM measurements were carried out in a TECNAI T20 transmission electron microscope equipped with an Oxford Instruments EDX detector. For the measurements the catalyst powder (in a dry form) was dispersed on a copper TEM grid covered with a lacey carbon film. Images were acquired using DigitalMicrograph from Gatan Inc.
Catalytic studies
The catalytic measurements were carried out in a fixed-bed quartz flow reactor (inner diameter = 4 mm) in a temperature programmed mode while the temperature was decreased from 400 °C to 150 °C with a rate 2 °C/min. The temperature was controlled using an Eurotherm 2416 temperature controller with a K-type thermocouple. 45 mg of catalyst was diluted with 100 mg of SiC (mesh 60) and placed on a quartz wool bed.
The bed height was ~11mm and the GHSV, calculated using the volume of the pure catalyst was ~ 110,000 h -1 . The gas composition normally contained 500 ppm NO, 520 ppm NH 3 Conversions were calculated using the following equations:
where X NOx denotes total conversion of NO x and C NOx inlet and C NOx outlet is the NO x concentrations on the inlet and outlet of the reactor, where:
NH 3 conversion (total), NH 3 conversion to NO x (when no NO x is fed) and NO conversion to NO 2 (when no NH 3 was fed) were calculated correspondingly:
inlet NH
and the ratio of converted NO to converted NO 2 in the experiments with NO and NO 2 mixtures:
NH 3 :NO x conversion ratio below 400 °C was always 1:0.95-1.05 for all tested catalysts, therefore we are presenting only NO x conversion values in the discussion.
DRIFTS studies
In where the temperature is held for 10 min for stabilization. Subsequently, NH 3 is removed from the feed gas mixture for 30 min and added again to it for 10 min. This procedure was repeated once. Thereafter, 1250 ppm H 2 were added for 10 min to the feed gas and, subsequently, NH 3 was removed again. The evolution of absorption bands in the spectra was followed using the kinetic mode (9 scans/spectrum, 6 spectra/min,) at a resolution of 2 cm -1 at 4000 cm -1 . The data are presented as absorbance, which is defined as the logarithm of the inverse reflectance (log 1/R). All DRIFTS experiments were carried out using a total flow rate of 100 ml/min which corresponds to a space velocity of about 62 000 h -1 . 8
DFT Calculations
Plane wave DFT code DACAPO is used to calculate the adsorption energies and the gas phase energies of the adsorbates. Plane wave cutoff of 340.15 eV and density cutoff of 680 eV are used for the calculations. The core electrons are described by the Vanderbilt ultrasoft pseudopotential [22] . RBPE is used as the exchange correlation energy function [23] . Fermi population of the Kohn-Sham states is k b T = 0.1 eV. The In all the model surfaces, the neighboring slabs are separated by more than 10 Å of vacuum. NO x and HNO x adsorption energies were calculated relative to gas phase zero energy points of these species.
The energy minimum adsorption geometries used in the calculations are presented in the supplementary material. already performed before [16, 17] , where the attention was drawn to the state of silver.
Results and discussion
Our catalytic experiments show a uniqueness of the Ag/Al 2 O 3 catalytic system, in which both components play a vital role.
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To have a notion of the individual reactions occuring during NO x SCR by NH 3 we consequtively run catalytic tests with one of the components absent in the feed.
According to the results obtained so far it is already clear that the removal of hydrogen leads to a completely inactive catalyst with regards to NH 3 -deNO x ( Table 1) or ammonia oxidation. The concentration of all monitored gases remained constant during temperature ramping from 400 to 100 °C when no H 2 was in the feed. The same is true for the removal of oxygen from the feedno NO reduction or NH 3 oxidation was observed without O 2 .
When NH 3 was removed from the gas feed, a pronounced oxidation of NO to NO 2 starting from 100 °C was observed ( fig. 3 , solid line). Together with that a very low NO x to N 2 conversion (dotted line, max. 4%) was observed indicating that hydrogen normally acts not as the main reductant but as a co-reductant. When both ammonia and hydrogen were removed from the feed, no oxidation of NO to NO 2 was observed.
The latter observation agrees with the data obtained in [6, 16] . As suggested in [6] , hydrogen addition promotes oxidation of NO. However, we observed no oxidation of NO to NO 2 during the experiments with Ag/TiO 2 and Ag/ZrO 2 catalysts. This shows once again that not only Ag, but also the support plays an important role in the catalytic activity of Ag/Al 2 O 3 which also agrees with the data on C 3 H 8 -SCR reported in [6] .
The mechanism of O 2 activation by hydrogen has been suggested earlier [25, 26] [25] and supposing it to be crucial for low-temperature NO x SCR by hydrocarbons [27] .
Moreover, SCR of the NO and NO 2 mixture by NH 3 is not a unique feature of Ag/Al 2 O 3 but was also observed for other supports though to a less extent, e.g. with 15% maximum NO x conversion in the case of Ag/ZrO 2 (see Fig. 5 , gray dotted line).
Thus metal oxides other than alumina can catalyse NO+NO 2 SCR by NH 3 but Ag/Al 2 O 3 with H 2 co-feeding is required to oxidize NO at low temperatures. Therefore, we are focusing our study on Ag/Al 2 O 3 catalysts and the corresponding alumina support.
The effect of increasing the NO x SCR rate by feeding NO and NO 2 mixture has already been noticed for other catalytic systems including vanadia-based catalysts [28] and zeolites [29] . The effect is called "Fast-SCR" and characterized by a well-defined stoichiometry of NO:NO 2 being 1:1.
To check if the NO:NO 2 conversion without H 2 in the feed can be ascribed to "Fast SCR" [29] , we calculated the ratio of consumed NO to consumed NO 2 (Fig. 6 ). In our case the ratio of consumed NO to consumed NO 2 changed with temperature from negative values (only NO 2 is consumed and a small amount of NO is produced from it)
to positive values up to 1 in case of feeding 26% NO 2 (Fig. 6) . Interestingly, the temperature at which NO starts to be consumed (~ 150 °C) coincides with the onset temperature of H 2 -assisted SCR (Fig. 1 ). Therefore we can suppose that parts of the mechanisms of both H 2 -assisted NO SCR by NH 3 and NO+NO 2 SCR by NH 3 are similar. But in case of NO+NO 2 SCR we observed a conversion limit at ~30%, when almost 100% conversion is obtained in H 2 -assisted NO x -SCR. This could be explained by blocking of the catalyst surface by adsorbed nitrate species [25] . The poisoning effect of surface nitrates for propane-SCR was observed in [26] , where the authors also demonstrated the ability of hydrogen to effectively remove adsorbed nitrate species.
Thus, introduction of hydrogen may facilitate not only NO to NO 2 conversion, but also regeneration of the catalyst surface, which removes the 30% conversion limit.
In general, the ratio of converted NO to converted NO 2 depends on the total amount of NO 2 in the feed and decreases with increase in NO 2 content. The higher the NO 2 contentthe larger is the part of NO 2 in the NO x that is converted to N 2 . Independent on this, the ratio of converted NO x to converted NH 3 was always 1:1 and maximum conversion remained constant at ~30%.
Experiments with feeding NO and NO 2 mixtures over pure γ-Al 2 O 3
In some of the papers on H 2 -assisted NO SCR by NH 3 , published earlier [16, 17] , alumina was considered only as a support for the active Ag nanoparticles. In this case, the properties of alumina could influence the catalyst activity indirectly by tuning the Ag particle size and distribution. In the following we test this assumption. (Fig.3) , it is evident that alumina can significantly contribute to the overall H 2 -assisted NO SCR mechanism. Thus, it cannot be neglected that alumina is an active part of the catalyst. Moreover the stoichiometry of NO+NO 2 SCR conversion over alumina follows the same trend as for the Ag/Al 2 O 3 (Fig. 8 ), which may demonstrate the same mechanism is working in both cases. Running NO+NO 2 SCR with H 2 in the feed over pure Al 2 O 3 yield almost the same NO x conversion as as for the test without H 2 (Fig.7, solid it can be concluded that at temperatures lower than 150°C only NO 2 reacts with NH 3 .
The production of NO from NO 2 can also be observed, which is thermodynamically not possible and is likely due to an uncomplete SCR reaction between NO 2 and NH 3 
According to the scheme, at temperatures higher than 150 °C reactions (7), (8), (9), (10), (11) take place yielding nitrogen and surface nitrate species. Disproportionation of adsorbed NO 2 (8), (9) was also suggested by DFT calculations earlier [33] . A small part of the surface nitrates is decomposed to N 2 O (12), trace amount of which (< 5ppm) is observed in the reaction products at high temperatures. NO production from NO 2 (negative NO converted /NO 2converted ratio at T<150 °C on Fig.6 ) and the observation that the higher the NO 2 contentthe larger is the part of NO 2 in the NO x that is converted to N 2 in the NO/NO 2 experiments can be explained by reverse (13) . NO reacts with surface nitrates according to (13) to form NO 2 and nitrite, which is readily decomposed to nitrogen (10) . With that nitrates are partly removed from the catalyst surface and higher NO x conversion is obtained.
With decreasing reaction temperature from 400 to 200 °C an increase in the NO x conversion is observed. The effect is particularly evident for the 47% NO 2 +NO mixture ( Fig.5, solid curve) and may be due to the formation of surface NH 4 NO 3 . NH 4 NO 3 formation is also consistent with decreased NO converted /NO 2converted ratio below 180 °C ( Fig. 8 ) due to reaction stoichiometry:
which is, in fact, a combination of (7) + (8) + (9) + (10) + (11), but without (12) and (13) , which are too slow at this temperature. It is also rather indicative of NH 4 equalled these concentrations at the reactor inlet (no reaction with adsorbed nitrates (13) was observed). However, the removal of NH 3 from the feed at 210 °C ( Fig. 9 ) resulted in consumption of NO and release of NO 2 . This is in agreement with NO consumption in the NO x SCR over alumina, which takes place between 150 and 350 °C (Fig. 8) . The ratio of evolved NO 2 to consumed NO was approximately 1.7. This ratio can be achieved by combination of the competing reactions (10) , which gives no NO 2 , reverse (9) and (8), which give 2 NO 2 molecules, and, of course (13) , which initiates the NO consumption and yields 1 NO 2 molecule. Thus the mechanism of NO x SCR by NH 3 over Al 2 O 3 and Ag/Al 2 O 3 could share most of the reaction steps with "Fast SCR".
Surface species during NH 3 -SCR over Al 2 O 3
Diffuse reflectance infrared spectroscopy is a powerful tool to complement observations from catalytic experiments with observations of surface species. Fig. 10 shows the evolution of species on the Al 2 O 3 surface, when switching off NH 3 from a feed containing NO, NO 2 , NH 3 and O 2 at 150 °C and at 500 °C. Similar spectra were observed at 300 and 400 °C but not shown. The first spectra are taken in a feed containing NH 3 and the following spectra 5, 10, 15 and 25 min after the NH 3 [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] which start accumulating in the absence of NH 3 . That the bands of adsorbed NH 3 diminish before the bands of adsorbed NH 4 + species start to decrease is in accordance with reaction (14) . Switching back to SCR reaction conditions, the NH 3 and NH 4 + species start growing again at 150°C while the nitrate species decrease but do not completely disappear, even in the presence of H 2 as shown by the first spectra in Fig. 11 .
At 500 °C, the bands of adsorbed NH 4 + at 1690 and 1464 cm -1 disappear previous to the bands of adsorbed NH 3 between 3355 and 3173 cm -1 (not shown), while the nitrate band at about 1551 cm -1 increases. The remaining nitrates may be regarded as inactive.
However, whether the accumulation of these species reduce the activity for NO x reduction and, thus, poison the surface or only act as spectator species, cannot be answered by the available data. Fig. 11 shows, moreover, the evolution of bands when switching off NH 3 concentration is decreased by partial reduction to NO. Figure 12 shows the potential energy surface diagram for the absorption of NO and crystals is the step surface [24] . It has been demonstrated by Donghai Mei et al. [33] that NO 3 Though authors of [33] have done extensive calculation for the adsorption of NO x on γ-Al 2 O 3 (100) and γ-Al 2 O 3 (110) surfaces, however no effect of H 2 on the stability of surface nitrates on γ-Al 2 O 3 has been considered.
DFT calculations
Oxidation of NO to NO 2 and NO 3 on the surface of transition metals
We have calculated the adsorption energy of NO 3 The calculated adsorption energy of HNO 3 (Fig. 13 ) on the model surface of γ-alumina is considerably smaller than that of NO 3 (which agrees with [33] ), which increases the probability of HNO 3 removal from the alumina surface compared to NO 3 in the absence of hydrogen. This supports the suggestion of H 2 facilitating removal of strongly bound NO 3 from the alumina.
The mechanism of reduction of adsorbed NO x species by hydrogen with the formation of N 2 has been previously suggested for Pt/MgO-CeO 2 catalysts for H 2 -SCR of NO x [20, 21] . This mechanism includes dissociative adsorption of hydrogen on the metal nanoparticle, spillover of the formed atomic hydrogen on the support to the two neighboring NO x species and their reduction with subsequent release of surface sites.
However, this is not a major pathway of the SCR in our case because SCR in the absence of NH 3 is insignificant (Fig. 3, dotted 
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